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By James E. Eubbartt 

Available literature from heat-transfer  investigatiom on cas- 
cades of turbine blades was surveyed and the results from each 
investigation are presented  according t o  the correlation procedure 
used by eaoh Tmestlgator. A comparison of these results was made 
nering the Nusaelt equation with the Reynolds number defined by 
either the inlet  velocity ebnd pressure o r  the average of the 
velooities am3 the  pressures around the blades. 

A correlation of the results obtained from the impulse blades 
investigated was improved by.using the average Reynolds number. By 
using this correlation procedure;the results from all the turbine- 
blade  investigations with the exception of one blade, which had a 
high degree of reaction, could be represented by a mean line with a 
maximum deviation of A 5  percent. 

The results from 811 investigation  with a r e e t i o n  blade were 
correlated by introducing the temperature ratfo 115th an exponent 
of approximately 1/3 in the Nueselt equation. 

In order t o  attain high  gaa-turbine M e t  temgeraturee or  
operation at current tempeux&~res w i t h  turbine blades conatrncted 
of nonstrategic mater2al.8, the blades must be cooled below tempera- 
tures at which  extreme losses fn strength occur. Evaluation of' 
turbine-blade ooolfng is dependent on 8 knowledge of the  outside- 
sur face  heat-tranefer  coefficient &a well a6 - other factors. 
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The hetat-tmnafer prooese f o r  f l o w  along flat  plates and nar- 
nral t o  and Wide oylinders has rewived ooasiderable experi- 
mental etudy and the results have been eatiafactorily oorrelated 
(for erample, reference 1). Appliaation of' these  results Lto tur- 
bine blades I s  questionetble because a heat-transfer-cornlation 
procedme for flat plates and cylinders is simplified by the elmi- 
l a r i t y   i n  shape parameters and proprtionali t ies in flow parameters. 

A limited number of experimental heat-trmafer  investigations 
have been &e on s t a t i c  caacadee of both inrpulae- and reaction- 
type turbine  blades  (references 2 to 6 ) .  In all casea, the average 
outside-surface heat-transfer  coefficients were determined arad an 
individual  correlation of the resulta from  each cascade w a ~  &e. 
The correlation prooeduree wed were, in general, the same as khat 
ueed for  result6 from simflarly shaped bcdiee butthe cornlation 
parameters wem defined differently. Ih'most cases, the  imresti- 
gations were made wing law temperature  dlfferetnces. 

A study of the  outaide-surface  heat-tranefer process made at 
the NACA Lewis laboratory  presents a collection af avs1labI.e heat- 
t d e r  r e s u l t 8  obtained from investigatiqu in which outside- 
surface  coefficient8 wem determined for s ta t ic  turbine-blade cas- 
oadee. The correlation Orp the results from each experiment:, as 
preeented by the individual investigator, is included. with a brief 
deerniption of the experimental condltians and evaluation aP the 
results. In addition, a correlation procedure is proposed and ap- 
plied to the available results and a caparison is made using t h i a  
prooedure. Factore are pointed  out that seemingly influence  the 
correhtiona.  Further experimental research to investigate such 
factors is therefore indicated. 

* 
Acknowledgement ie made t o  the General Electric Company and 

the  Brftiah Hational Gaa Turbine Eetablishment for helpful 
cooperation. 

commmroR EQUATION 
Experiments with  heated or cooled bodies in a gae stream indi- 

cate  that the lengthy functional  relation for heat trwfer  obtained 
from dimensional analysis can, i n  many ewes, be reduced to the 
simple Numelt equation 

Nu = CI(Re) CII (€Y)C1lr 
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This  equation has been conventionally used t o  relate  the  heat- 
t ramfer  proceas f o r  forced convection. The exact  definition of 
the  variables  in each parameter, hmemr, has not been establfshed. 
In  the  available  literature  pertaining  to  heat-transfer  imesti- 
gations with turbine bides, the  heat-transfer  coefficient has 
been based on the difference belareen t he  effective gas  tenperatme 
and the surface temperature. Various temperatures have been used 
t o  define the gas properties and the density. In sme recent work 
(reference l), better  correlation was obtained.when both the gas 
properties and the  denaity were defined. by the surface temperature. 
For most correlation work, the pressure defining the density and 
t he  velocity have been taken in   the main stream at the  inlet  to 
the  test  body. In some caaes, however, the  exit  or mean velocity 
and premmre have  been wed. Moreover, the  characteristic length 
in   the Reynolb and Nusselt nuuibera hae, i n  general,  differed  for 
each different gedanetric shape inveertigated. One characteridic 
length,  the  perlmeter  divided by R, has been frequently used f o r  
correlating results from turbine blades. 

Equation (1) has been sufficient f o r  correlating results from 
heat-transfer  inmatigations with similarly shapd bodies o r  one 
Kurt;icular body when the temperature ratio8 (ratio of the  free- 
s trean temperature t o  the eur face  temperature) are near 1. In 
most cues,  the  deffnition of the various parameters therefore 
seems t o  have l i t t l e  or no effect on the  correlation. Reaults 
from vasioue complex shapes, snch ae turbine  blades,  with  variable 
temperature ratios  indicate that this simplified equation is 
inadequate for correlation and that more specific  definitions of 
the parameters &we neded. 

MoBt heat-transfer  investigations with turbine  blades have 
been.performed in  order t o  obtain immediate design  data f o r  the 
particular  turbine blade investigated. A correlation of the par- 
ticular data w a  theref ore required  but  objective  correlation 
w i t h  all other  available  results was not investigated, A come- 
lation'of  the results from each individual  heat-transfer  investi- 
gation has been made herein using equation (1). 

PFESEXCATIOB OF AVAILABLE DATA 

Heat-tremfer resu l t s  for   e ta t ic  turbine-blade cascades have 
been obtained by the NACA (reference 2), in G r e a t  Britain (refer- 
ence 3), and in Germany (references 4 and 5). Drawhgs of a l l  the 

' blades and passage configurations ueed in these hvestigatione and, 
in addition,  mpublished data from a single heat-t-er investi- 
gation by the General Electric Company are presented in figure 1. 



4 NACA RM E5OC28 

In each iavestigation the  r e s u l t s  were correlated using the Nuaeelt 
equation  (equation (1)). The procedure u e d  for defining the pa- 
rameters in the Xrmselt equation and the approrinrate temperature 
ra t io  are given in table I. In addition, table I sham the inlet 
static gas temperature, the number of blades, and the  ratio of the 
chord to  the epcing for each investigation. 

The results of the Inveetigation of reference 2 are shown i n  
figure 2(a). These results have a maximum deviation of approxi- 
mately i10 percent fram t h e  l ine represented by the  equation on 
figure 2(a). These data were obtained  using a caacade of symmet- 
r ica l  Impulse blades Chat  were heate& by conduction from an elec- 
t r ical ly  heated dummy-wheel section. Cooled a i r  was passed over 
the  external eurface of the blades. The Mach number at the blade 
outlet naer varied from 0.3 t o  1.0. A recovery-factor calibration 
curve for the blade was experimentally determined and the  heat- 
transfer  coefficient wa8 computed by af3slrming a 0ne-d.imellPrional 
temperature distribution ( in  a radial direction) In the experi- 
mental blade. 

The r e su l t s  of the unpublished investigation  are presented in 
figure 2(b). The m'mlte can be represented by the Russelt equation 
although the parameters that have been plotted differ from those in 
the Nusselt  equation. Only mmn data points were obtained; however, 
the  deviation from 8 straight line is amall and the  results are well 
represented by the equatim given on figure 2(b), The tests were 
perpormed using air a t  low velocities ptesed over the cascade of im- 
pulee blades, which were heated by steam flowing Into the  interior 
of the blades. Because the air velocitdes were low, the effective 
gas temperature was approximately  equal to  the total gas temperature. 
The heat-flow rate wa8 computed by m e a s u r b g  the  quantity of etem 
condeneing fnside the blade. 

Shawn In figures  2(c) a;ad 2(d) are  the  results of the inveerti- 
gatlone of reference 3. These investigations were conducted using 
both heated air and ocunbustion gases psed om?? the caecade of 
blades. The b M e a  were cooled by water flaving through an annulm 
passage near the blade surface. The recovery factor wae assumed 
ae 0.85 and the heat-trenefer coeff icient ya8 determined from the 
heat-flow rate, which could be  computed by meamring the tempera- 
ture riee i n  the cooling  water. Ini t ia l ly  the over-all heat- 
transfer coeff lclent WBB oomputed and the  data pointe plotted, 88 
shown in figures 2(c) and 2(d). The solid  line  representing  these 
results va8 then  corrected t o  a curve f o r  which the heat-trmaier 
coeff icient w a s  based .on the difference between the  effective gas 
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temperature and the average blade temperature by ooanputing the 
blade-to-water coefficient frum existing formulas. The resul ts   in  
figure  2(c) were obtained wing a cascade of Impulse blades and 
the  results  in  figure 2(d) w e r e  obtained wing a cascade of reaction 
blades. The blades f o r  both cascades vere  the same but  the  blade 
stagger changed t o  increase or to decrease  the percentage reaotion. 
The results are represented by the equations &Ten on figures 2(c) 
and 2(d) w i t h  a maximum deviation of approximately f10 percent. 

Figure Z(e )  presents  the  results of experhmnts published i n  
reference 4. rChe carSca.de was so designed that the angle of attaak 
and the  ratio of chord t o  spacing could be varied.. The results 
presented are far two ratios of ohord t o  epacing. The results f o r  
the  larger  ratio are accurately  represented by the uorresponding 
equation i n  figure 2(e). The results  fromthe  larger  spacing devi- 
ate  saanewhat fram the corresponding  equation. The investigators 
apparently  established this equation by compazing trends obtained 
from the  various  results at different blade  spacings and angles of 
attack, Air was peresed through the cascade of blades and the 
experimental  blade was heated by steam f laving through f ive  holes 
i n  the blade.  Became the air  velocities were relatively low, the 
effective gas temperature vae approximately equal to the t o t a l  gas 
temperature. The heat-flow rate was detenained from the drop i n  
enthalpy of the steam as it passed through the blade. 

The results of the  investigation of reference 5 are shown In 
figure  2(f). These reeults are  represented by the equation in   f ig -  
ure 2( f ) .  Air waa passed through the cascade of impulse blebaea 
and the experimental blade was heat& by electrlc  heating elements 
located i n  the. blade. Because the air velocities were relatively 
low, the  effeotive gas temperature is approxhately equal t o  the 
total gas temperature. The heat-transfer  coefficient xas deter- 
mined from the  heat-f low rate, which was computed from the power 
input t o  the heating elements, 

A l l  results except those from the  reaction blade of refer- 
ence 3 were obtained from investigations at temperature ratios 
that were approximately canstant and near 1. The results f ~lll l  the 
reaction blade of reference 3 were obtained at temperature ratios 
from approximately 1.0 t o  2.0. For this  investigation, a 
temperature-ratio  effect was detected. 

The need f o r  a repreeentative procedure of correlating  heat- 
transfer  results  frcgnturbine blades U evidenced by the  variations 
i n  the equation that has been used to represent  the  available 
experimental results. 
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COMPhRISOH OF AVAILABLE  DATA 

C m p a r i s o n  with Inlet Reynold8 Number 

The aorrelation of foroed-convection heat-transfer results 
for gases flowing normal t o  a heated or cooled bcdy has commonly 
involved using the.  Nueselt equation with the Reynolds number 
defined by the main-etream pressure and velocity at the immedi- 
ate in l e t   t o  the body. In addition,  the  characteristic dhension 
has frequently been represented by the  hydraulic diameter of an 
equivalen5 cylinder. For 8 turbine  blade, t h i s  quantity is taken 
ae the perfmeter dirided by ss. This prouedure haa therefore been 
wed t o  compare the available data. Them results are shown in 
figure 33 the gars propez-kiee and the  density have been defined by 
the average blade temperatuye. This method of defining the gss 
properties an8 the densiey is used herein beoause of the results 
presented i n  reference 1. In referenoe 1, a correlation Crp the 
results fran heat-tr-f er investigations  wlth atr flowing inside 
tubes w m  obtained wing the Nusselt correlation equation when the 
gas properties an8 density were defined by t h e  surface tamperature; 
whereas a 8epa;rate relation wae required for each temperature rat io  
when other temperatures w e r e  used. 

For f igum 3, the  results frm the  reaction-blade investi@- 
tiom of reference 3 have be811 reduced t o  a tezuperature ratio of 1, 
which is a ra t io  campssable t o  those for the other  investigations. 
The heat-transfer rates for  the reaution  blades are ,  i n  same cases, 
greater  than those for the impulee blades  although the  slopes 
(which would be 0.5 for  a laminar boundary layer gLnd 0.8 for  a tur- 
bulent boundary layer) of the curves indicate that the impulse 
blades have a much larger percentage of turbulent boundary layer, 
the tme that promotes the higher  heat-transfer rate. The slopes 
of the curve8 representing the results from the four  impulee 
blades are a l l  elmilar, imiioating that the percentage of the BUT- 
face over which there l e  a turbulent boundary layer is similar. 
Revertheless, the heat-trarmfer rate f o r  these ianpulse blades 
varies 88 much 8s 45 percent. It fe doubtful that this difference 
could be attributed t o  experimental error. Apparently, the  corre- 
lation procedure l e  incomplete &nd must be modified t o  incorporate 
variables that  influence the comparison obtained i n  figure 3. A 
naodif'ication of thie procedure t o  obtain a complete correlation 
cannot be made until more extenaive theoretical developnts and 
experimental inveatigstiom have been ccsnpleted. I n  viev of CUT- 
rent heat-transfer theory, ~ o m e  hprovemente can be incorporated 
euBd c ~ p s r i s o n a  par t ly  justified. Nevertheless, the correlation 
Procedure of f iwre 3 is probably the m o s t  convenient procedure 

. 
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fo r  design pnrpoees a d  is adequate for correlating results from 
investigations on one particular cascade of blades  operating at a 
constant temperature ratio. Figure 3 o m  be used f o r  predicting 
heat  transfer t o  a cwcade by selecting a curve representing  the 
results from a shilar blade and blade arrangment. 

A n  argument against  defining  the average Nuseelt number by 
the R e y n o l d s  number based on the inlet  velocity and pressure can 
be  advanced by visualizing two cascades of different blades and 
passage configuratione  but w i t h  eimilar boundary layers, With the 

blade  temperatures, the local heat-tramfer  coefficient of a region 
on m e  blade in  each  cascade will differ  because the local Reynoldar 
number distribution  differs . Because the local heat-tranaf e r   cod -  
f icient  aiffers, the average Nusselt number will, in  genera, differ. 
For these two casea, identical inlet Reynolds nunbere then  yield 
dlfferent heat-f luw rates. Apparently, this  Reynolds number is in 
i tsel f  imuff icient. In order to  establish  the  relation  defining 
the average heat-transfer  coefficient, the local  coefficiente could 
be expressed by the equation 

blade Spacing in the two OrtsCadeS slad inlet  C O I l d i t i O I l 8  and 

cV, Nux = CIv Rex (2) ' 

and the  integrated average determined. The integration cannot be 
evaluated at present because it is 80 diff icul t  aa t o  be impracti- 
cal  to express the velocity a& pressure around a turbine  blade 
with the independent variable X. It seems reasonable that  the 
integration w o u l d  yield an expression involving the Reynolds nun- 
ber defined by the averages of the  velocities and the  pressures 
around the  blade. The use of this average R e y n o l d s  number in  the 
correlation equation may improve and present a more reasonable 
cc.mrparison of various  results  than that obtained wing the  inlet  
R e m o l d s  rrumber , 

Comparison w i t h  Average Remolds NMer 

Determination of average R e y n o l d s  number. - The available 
heat-tranef e r  data from turbine-blade cascades have bsen reworked 
so that the results could be camgared using the average Reynolds 
nmber in the  correlation equation. Because the velocity d 
pressure dis t r ibut ions w e r e  not experhentally obtained,  they were 
calculated ueing theoretical methods and the average velocity ana 
pressure were determined as the  integrated mean. The stream- 
filament theory f or a cmpreasible fluid (ref ereme 6 ) was used ' 
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t o  determine the local  velocities on the blade prafile in the 
channeled portion of the blades. The velocities in the regions 
of the leading and t ra i l ing edges, over which the stream-filament 
theory does not apply, were estimated by a circulation check 
(ref erenoe 6) . 

A sample velocity  dlstr~bution  calculated for  a reaction 
blade is shown in  figure 4. The stream-f ilament theory applies 
over the surface in the regiom between O1 and 02 and between 
01’ and 02’ For the remaining portion of the blade, a circula- 
t ion oheok was made t o  fair in the  velocity curve. The circulation 
around the leading edge ie determlned 88 the product af the in le t  
velocity, the spacing, and the sine of the  mute angle between t h e  
inlet-velmity  vector and the omcade line. !Be calculated  circu- 
lation m u e t  check that represented by t h e  difference between the 
area under the velocity curve from % t o  the  leading edge ard 
from the  leading edge t o  02 . The procedure f ollaved waa there- 
fore to fair in the  veloaity curve in order t o  f u l f i l l  such a 
check. Similarly, for the trailing edge, the  cimulation  repre- 
sented by the difference in are- fram the trailing edge t o  
aad from 01’ t o  the t ra i l ing edge muet check that  determined 
from the product of‘ the  outlet  velocity,  the ~paclng, and the  sine 
of the acute angle  between the outlet-velocity  vector anB the cas- 
cade line. 

The pressure distribution was determined from the  velocity 
ai8tribUtiOn by aaauming the to t a l  temperature and the to t a l  pres- 
sure as constant throughout the blade passage. 

The velocity and pressure  distributiom were cmputed f o r  at 
least  three  Inlet-Btate conditione for each blade irwestigated. 
The inlet Reynolds number asd the corresponding average Reynolds 
number were then ocaaputed for each inlet-state  condition. The 

corresponding of Ip”av/Prg b 1’3 waa *en aetemrtnd from 
figure 3 using t h e  calculated d e t  Reynolde nuniber and the line 
f o r  the particule;r  blade. By this method, st least three values 

of I’?14Pr~,2’~ and the correeponding average Reynolds numbera 
were determined f o r  each blade investigated. Thereby, a plot simi- 
lar t o  figure 3 could be established. 

Application 09 average Reynolds nupiber. - The results froan 
the  iweetigstions w i t h  the impulse bladee 8x8 ccmp8zed. i n  figure 6 
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The conversion from the  inlet Reynolda number t o  the average 
*Remolds number ie completed i n  f igure 6(b). The maximum varia- 
t ion between the  results has been reduced from the original 45 per- 
cent in f i e e  6(a) tq 23 percent in   f ignre 6(b). 

The resnlts frcan the  investigations of 'reference 3 for  both 
impulse and reaction blades are compared in figure 7 with the 
abscissa ae the inlet  Reynolds number in  f igure 7(a) and the aver- 
age Reynold8 n&er i n  figure 7(b).  The bound8ry lager is apparently 
laminar for the reaction blade and p a r t l y  turbulent fo r  the inrpulee 
blaaes, 88 fndicated by t h e  Slopes of the  respective cuTves. 
Although the agpeement between the two eets of results i n  fig- 
ure 7(a) ia better than that i n  figure 7(b),  figure 7(b) i e  amore 
logical  representation of the results because the predomFnatfng 
laninar b o d a r y  layer of the  reaction blade ia expected to be 
acccmpanieh by lower heat-tranefer  coefficien%s f o r  camparable 
conditions. 

Figure 8 is inclnded to show a cunqarieon of a l l  the reaulte 
computed using the average Reynolds number a8 the abscissa, The 
results f r o m  the  investigation of reference 4 with two blade 
spacings have been reduced to a co~mtlcrn line by this correlation 
procedure. The results from a f l a t   p l a t e  with both a  laminar and 
a  turbulent boundary layer  (reference 7) are also shown in  figure 8 .  
h e  characteristic  length for the f la t   p la te  has been changed from 
the plate length t o  the  perimeter  divided by sc where the perimeter 

turbine-blade investigations w i t h  the exception of +e reaction 
blade of reference 3 can be represented by a mean l ine on figure 8 
with a maximum deviation of 4 5  percent. 

' is taken as twice the blade length. The results from a l l p f  the 

Characteristfc length. - Because the loca l  heat-transfer coef- 
f icient is defined by equation (2), where the  characteristic  length 
is the  distance x, it seem reasonable t o  define  the average heat- 
transfer  coefficient by the Nusselt equation, where the  character- 
i s t i c  dimension is the total surface length from the  leading edge 
to the  trailing edge. 9s integration of equation (2) to express 
the average heat-transfer  coefficient over  a surface using simple 
prescribed  velocity  distributions, it can be shown that the charac- 
t e r i s t i c  length in  the r e s u l t i n g  Russelt  equation is the t o t a l  sur- 
face  length. For turbine blades where the air  flaws over two sur- 
faces, an average of the two characteristic lengths could be used. 
This average is expressed as the'perimeter divided by 2.. The use 
of this average length rather than  the perimeter divided by x can- 
not, however,  improve the comparison obtained in  figure 8 because a 
conversion from one length t o  the  other is a multiplication of a l l  
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values of both the ordinate and abscissa by a constant ( in  effect, 
a simple axis shift) .  Improvements i n  the correlation can only 
r e su l t  if a  characteristic  length that cannot  be expressed as  the  
product of a  constant and the  perimeter is used. Equation (2) could 
possibly be extended to include  the  effects of geometry parameters 
by selecting a characteristic  length that i s  representative of the 
passage configuration as  well a8 the  blade shape. 

Additional Factors Affecting  Correlation 

Several parametera other  than  tnose In the Nueselt  equation, 
whioh are subsequently discmeed, are known t o  influence heat 
transfer  to  turbine blades . The Nueselt equation as wed i n  f l g -  
u ~ 8  8 is theref'ore expected t o  correlate  the  reeults only partly.  

Pressure gradient. - A faotor, other than those used in  the 
oorrelation procedure of figure 8 ,  which may influence  the  heat- 
transfer rate is one that takes into acoount the geometric con- 
figuration of the body. Such a ' term  ie the Euler number my 
which is defined 88 the  ratio of the pressure forces t o  the momen- 
tun. The effect of Euler number on heat trmf e r  for a laminar 
boundary layer over a wedge having a velocity distribution  corres- 
ponding t o  Vx P 9 is shown fn reference 8 and in  figure 9. 
The ordinate  represents Cm of equation ( 2 )  with CJ-J aa 0.5. 
Figure 9 shows that by v w i n g  the Euler number fram 0 t o  1, the 
local Nus8el . t  nmnber f o r  a given local Regnolib number is increased 
by approximately 70 percent. The average Nwselt number, however, 
a8 determined by integrating  equation (2)  with CIv as the  ordi- 
nate and Cv aa 0.5, for a given average Regriold8 number is 
increased by slightly leas  than 20 percent. The effect, ae sham 
i n  figure 9 ,  may not be typical of' those  effects  applicable f o r  
turbine blades with velocity  diatributions  quite  different fram 
V, 6 % p; however, it does indicate the order of magnitude of 
presaure-gradient effect, which  might be typical  for a surface 
w i t h  a laminar boundary leyer. No solutions are available for 
pressure-gradient effect In a turbulent boundary layer. 

It seem possible to explain i n  park the trender in figure 8 
bg a pressure-gradient  effect, For example, by comparing the 
result8 from flat plates w i t h  those from turbine  blades it is 
apparent that a turbine blade with the sane percentage of laminar 
boundary layer (slopes corresponding) aa a flat plate w i l l  have 
the much higher  heat-transfer rate. In general, the difference8 
i n  figure 8 are larger  than is predioted by the results of fig- 
ure 9 .  When equation (2), the velocity  distribution, and the 
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pressure-gradient  effect of figure 9 are applied t o  the  results 
from the  reaction blade of reference 3; the pressure gradient 
seemingly could account f o r  one-half of the difPerence between 
these  results and those f m  a flat  plate with a Laminar boundary 
layer. In addition, the correlation o m 8 8  f o r  the reaotion blades 
investigated are appraximately within  the ordinate range, vhich 
expresses the reeults from the impulse blades although the impulse 
blades have the larger percentage of turbulent boundary lq-er over 
their  surface, This comparison of the  heat-transfer rates, also, 
can be explained by .the m r e  favorable pressure  gradient on a 
reaction blade ( f i g .  S), which increases the heat  tranef erred 
through the laminar boundary layer. 

Temperature ratio. - Another factor  that may influence  heat 
transfer is the  ratio of the free-stream temperature t o  the sur- 
f ace temperature. The temperature ra t io  may influence the heat 
t ransfer   in  two ways t 

(1) It msy have a direct  effect on the temperature distribu- 
tion in the boundary layer.  Theoretical  solutions af references 9 
and 10 have sham that  f 'or a flat plate with a laminar boundary 
layer this effect ia small fo r  temperature ratios of the order of 
those used f o r  the experiments reported  herein. 

(2 )  The temperature r a t i o  may also have the  effect of s tabi l -  
izing  (for a cooled body) or  destabilizing  (for a heated body) the 
laminar boundary layer resulting in a sh i f t  of the  transition 
region. 

Bperimental  heat-tranef er  investigations wfth turbine  blades 
a t  temperatures appreciably  different from the @e. temperature a r e  
limited to those of reference 3 wing a cascade of reaction blades. 
In order to gain knmhdge, the data frosl this inmetigation have 
been reworked w i t h  the temperature ra t io  incorporated i n  the 
correlation equation shown in figure 10. The Reynolds number 
exponent 3s taken from f iguret 2(d).  The inlet  Reynolds number 
and the perimeter  divided by z aa the  characteristic length are 
wed f o r  convenience. The results can be represented by expressing 
the  ordinate  proportional  to the temperature r a t i o  to approximately 
the negative om-third p e r .  Thie exponent is muoh laxger  than 
that  predicted by the theory of references 9 and 10 fo r  a flat  
plate. Currently no definite  explanation  for  this large exponent 
is available. Ih the  case of reaotion blades, it may be erdvisable 
t o  apply a temperature-ratio oorrection  factor similar to that  of 
figure 10. 
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Additional factore that may influence  heat  transfer t o  cas- 
oades of turbine  blades elre transition,  separation, and centrifugal 
ef'f eats in the boundaq  layer.  Tramition from a 1- boundary 
layer t o  a turbulent boundary leyer is accounted fo r  in  the corre- 
lation prooedures that have been ueed by the exponent of the 
Reynold8 Dumber. For a more complete underetemding of results 
from turbine bladee, a more precise method  of interpreting  tran- 
s i t ion ef'f'euts is needed. For better  correlatione, a method of 
introducing  transition in the  correlatfon mmt be developed. The 
&"ect of trazlsition on the results of figure 8 ie, in most cmee, 
t o  increase the heat-flow rate for an fispulee blade above that for ' 
a reaotion  blade. Beoauae l i t t l e  is known conoerning heat  trans- 
fer In the eeparatd regions, imestigatione should be made to 
E t 9  thie problm. 

The use of an average Reynolds number improved the correlatfon 
of results from static  cascsdes of impulse turbine blades. This 
correlation procedure, which appears reasonable from a theoretical 
basis, accounts in part for the effects of blade shape and f l o w -  
passage configuration. 

A reaotion blade with a laminar boundary leyer had a much 
' greater heat-transfer rate than a flat  glate with a laminar bound- 
arg m e r .  Thie difference  together  with  the  results  presented 
indioated the existence of pressure-@ient  effects, which E" 
greater  in mgnitnbe than ,explainable by t h e  slmple theory avail- 
able. The need for both  experimental and theoretical studies of 
the pressure gradient  effeate xae indioated. 

The temperature ratio seamed t o  have a eignificaat  effect on 
heat  tranefer .with reaction blades. The reeults from an investi- 
gation witb a reaction blede were correlated by introducing  the 
temperature ratio with an exponent of aPpr0Iimatel.y 113 in the 
Xmselt  equation. More ertenaive studies with  various  types of , 

blade are needed to  investigate this  effeot. 
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In order to determine rotational  effects, actual turbines, 
instead of the static turbine-blade  cascades used, should be 
investigated and the results analyzed xith resulta from static 
oascades . 
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m e  follcndng symbols are used. i n  the calculations and the 
f iguree . 
A 

a 

C chord, ft 

CI, Cn, . , . , arbitrarJt  oonstants 

0 P 

k thermgbl conductivity , Btu/ (hr ) ( f t ) ( O F )  

L 

1 

m 

~urPme length from leading edge t o  trail- 
ing edge, ft 

perimeter of blade, f t  

P absolute statio preesure, lb/sq ft 
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- 
P 

Pr 

R 

Re 

Rei 

t 

V 

W 

x 

B 

I.L 

P 

Subscripta : 

8 V  

b 

C 

15 

average . 

blade or at blade temperature 

coolant 
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eff eative 

film 

gas 

I n l e t  

out let 

tplroat 

wall o r  at w a l l  temperature 

local  position corresponding to  distance x 
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Figure 1 .  - Turbine-blade profiles and Dassage configurat ions.  
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Flours 2. - Experimental results o f  i n v e s t i g a t i o n s .  
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( d )   B r i t i s h   r e a c t i o n   b l a d e s   ( r e f e r e n c e  3). 

F i g u r e  2. - Cont inued .   Exper imenta l  results o f  
investigations. 
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Floure 3. - h p a r t s o n  of a v a i l a b l e  turbine heat-transfer d a t a  computed using i n l e t  Reynolds number. 
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( a )  Impulse  blades. 

(b) Reaction blades. 

Figure 5. - Theoretical  velocity  distributions. 
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(b) Comparison w l t h  average Reynolds number. 

Figure 6. - Comparison o f  data  obtained from impulse blades. 1 
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(a) Comparison w i t h  inlet Reynolds number. 
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(b) Comparison with average.Reynolds number. 

F i g u r e  7. - Comparison of data o f  reference 3. 
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Rea" . 

( b )  Comparison w i t h  averwe Reynolds number. 

Figure 7. - Comparison of data of reference 3. 
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F i g u r e  9 .  - T h e o r e t i c a I   h e a , t - t r a n s f e r   r e s u l t s   o f  

r e f e r e n c e  8 s h o w f n g  p r e s s u r e - g r a d i e n t   e f f e c t s .  

M a c h  n u m b e r ,   a p p r o x i m a t e l y  0 ;  P r a n d t I   n u m b e r ,  0 . 7 ;  

r a t i o  o f  s t a t i c  w a l l  t e m p e r a t u r e   t o  static gas  

t e m p e r a t u r e ,  I ;  V, = C V I X r n .  
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F l g u r e  10. - C o r r e I a t i o n   o f  British h e a t - t r a n s f e r  

d a t a  using c o o l e d   r e a c t l o n   t u r b i n e  blades 
( r e f e r e n c e  3 ) .  Gas p r o p e r t i e s  based on a v e r a g e  

blade t e m p e r a t u r e .   C h a r a c t e r I s t I c   l e n g t h ,  

p e r l m e t e r  divided b y  n. 




